Background: We studied the role for expression of CD40 and CD40L by CD4 and CD8 T cells in the generation of CD8 T cell response to minor histocompatibility antigen, H60. H60 is a cellular antigen to which CD8 responses require CD4 T cell help. Methods: CD40-or CD40L-deficient mice were adoptively transferred with normal CD4 or CD8 T cells or with memory CD4 or CD8 T cells, and were immunized with male H60 congenic splenocytes to induce CD8 T cell response to H60. Peripheral blood CD8 T cell from the immunized mice were stained with the H60 tetramer. Results: CD8 T cell response to H60 was not induced in both CD40-and CD40L-deficient mice. Adoptive transfer of CD40 +/+ CD8 T cells into CD40-deficient mice did not compensate the defect in inducing CD8 T cell response to H60, while the H60-specific CD8 T cells were activated in the CD40-deficient mice that were adoptively transferred with CD40
Introduction
Minor histocompatibility (H) antigens are perceived as foreign during allogeneic transplantation due to naturally occurring polymorphism (1) . The T cells responses directed to minor H antigens contribute to graft rejection after MHC-matched transplantation or graft-versus-host disease, a major complication after bone marrow transplantation between MHC-matched individuals, which is a standard procedure for the treatment of hematological malignancy (2) . In these T cell responses, CD8 cytotoxic T cells are major effectors killing the target peptide/MHC complexes, usually minor H antigen-originated peptides, expressed on the grafts or on the recipient tissues (2, 3) . In this respect, understanding the nature of CD8 T cell responses to minor H antigens is essential for controlling immune rejection and treatment of GVHD.
Priming CD8 T cells specific for cellular antigens requires help from CD4 T cells (4) (5) (6) . The CD4 T cell helper function during CD8 T cell response is known to involve CD40-CD40L interactions which are centered on antigen presenting cells (APCs) that allow cross-talk between CD4 and CD8 T cells and APCs (7) (8) (9) . CD40L is expressed on the surface of activated CD4 T cells and is involved in the development into effectors (8, 10) . Ligation of CD40 on the surface of APCs such as dendritic cells (DC), macrophages and B cells increases their antigen-presentation and co-stimulatory capacity (11, 12) . However, some controversy Figure 1 . Primary CD8 T cell response in CD40-deficient and CD40L-deficient mice. Normal female B6 (positive control) and CD40-and CD40L-deficient mice were injected intraperitoneally with 2×10 7 male H60 congenic splenocytes. PBLs from the immunized mice were stained with H60-tetramer-PE and APC-conjugated anti-CD8 mAb on day 10 post-immunization. The percentages of tetramer-binding cells in CD8 T cell population were marked. The representative FACs data from three independent experiments are shown.
remains regarding the role for CD40 expression on APCs versus their expression on CD8 T cells. In some models, namely the influenza-specific CD8 T cell memory model, CD40 expression by APCs influenced the outcome of CD8 T cell responses (13, 14) . However, this was not the case fo other models, which also shows the importance of CD40 expression by CD8 T cells (15, 16) .
Minor H antigen, H60, is a representative CD4 help-dependent cellular antigen. In this study, we investigated the role for expression of CD40 and CD40L molecules by CD4 and CD8 T cells in the induction of primary and memory CD8 T cell response to H60. Our results show that CD40 expression by CD8 T cells is not essential in receiving CD4 help, while CD40L expression by CD4 T cells and, thereby, CD40L-CD40 interaction are required for both primary and secondary response generation. Induction of primary CD8 T cell response in the CD40-deficient mice that were adoptively transferred with normal CD4 or CD8 T cells. CD4 or CD8 T cells were purified from wild type female B6 mice and CD8 T cells either by themselves or in combination with CD4 T cells were injected ( 1×10 6 ) into tail vein of female CD40-deficient mice. Two days after the adoptive transfer, the mice were immunized with male H60 congenic splenocytes and PBLs from the immunized mice were stained with H60-tetramer-PE, anti-CD8-APC, and anti-CD11a-FITC. The percent values of activated (CD11a + ) H60-tetramer-binding cells in CD8 T cell population were noted in the FACs data. Two mice were included in each group and the experiments were repeated twice. Representative FACs data gated on CD8 are shown.
Materials and Methods

Mice
Results
H60-specific CD8 T cell response requires CD40 and CD40L
expression. Since CD8 T cell response to H60 is a response against a cellular antigen, we questioned as to whether CD40 and CD40L molecules would play roles in inducing H60-specific CD8 T cell response. To test this, we immunized CD40L-deficient or CD40-deficient mice with splenocytes from male H60 congenic mice. As a control, normal female B6 mice were immunized with the male H60 splenocytes. Activation of CD4 T cells that provide help to H60-specific CD8 T cells is mediated by recognition of HY-epitope that originates from Y chromosome (17) . Therefore, the injection of normal female B6 mice with male H60 splenocytes results in activation and proliferation of H60-sepcific CD8 T cells that receive help from HY-reactive CD4 T cells, and H60-specific CD8 T cells are detectable with a peak frequency (8~15% of peripheral blood CD8 T cells) on day 10 post-immunization under normal circumstances. However, when the male H60 splenocytes were injected into female CD40-deficient or female CD40L-deficient mice, H60-tetramer binding CD8 T cells were not detectable (Fig. 1) , demonstrating that CD40 and CD40L molecules were involved in H60-specific CD8 T cell response. Expression of CD40 by CD8 T cells does not play significant role in H60-specific CD8 T cell response. To examine whether signaling through CD40 directly on CD8 T cells would be involved in receiving CD4 T cell help, H60-specific CD8 T cell response was induced in CD40-deficient mice that were adoptively transferred with normal (CD40 +/+ ) B6 CD8 T cells by injecting male H60 splenocytes. In the PBLs from the CD40-deficient mice that were adoptively transferred with CD40 +/+ CD8
T cells, we could not detect H60-tetramer binding CD8 T cells (Fig. 2) . However, unexpectedly, in the blood from the CD40-deficient mice that were adoptively transferred with CD40 +/+ CD4 and CD8 T cells, H60-specific CD8 T cells were detected, even though it was at a lower level ) and immunized with male H60 congenic splenocytes.
On day 10 post-immunization, we were able to de- Figure 3 . Primary CD8 T cell response in CD40L-deficient mice that were adoptively transferred with normal CD4 or CD8 T cells. 1×10 6 CD4 or CD8 T cells purified from wild type female B6 mice were adoptively transferred to CD40L-deficient mice. Two days after the adoptive transfer, the mice were immunized with male H60 congenic splenocytes and PBL from the immunized mice were stained with H60-tetramer-PE, anti-CD8-APC, and anti-CD11a-FITC. The percent values of activated (CD11a + ) H60-tetramerbinding cells in CD8 T cell population are noted in the FACs data. Two mice were included in each group and the experiments were repeated twice. Representative FACs data gated on CD8 are shown. tect H60-tetramer binding cells in the blood from the CD40L-deficient mice that were adoptively transferred with CD40L +/+ CD4 T cells (5% of peripheral blood CD8 T cells), but not in the CD40L-deficient mice adoptively transferred with CD40L +/+ CD8 T cells, which did not show CD8 T cell response specific for H60 (Fig. 3) . This demonstrates that CD40L expressed by CD8 T cells is also dispensable for receiving CD4 help, and suggests that CD40L expression on CD4 T cells is a limiting factor in providing help to H60-specfic CD8 T cells. This most likely happens by interaction with CD40 expressed on APCs.
CD40-CD40L interaction is necessary for memory CD8 T cell response to H60.
Based on the results above, we concluded that CD40-CD40L interaction was required for the induction of CD8 T cell response to H60, much like the case for other CD8 T cell responses to cellular antigen. Next, we wondered whether CD40L-CD40 interaction would still participate in generating memory CD8 T cell response for H60 and, if it did, whether CD4 memory T cells would deliver more efficient help to H60 memory response than naïve CD4 T cells.
To test this, we immunized female B6.PL congenic mice with male H60 congenic splenocytes and waited until the primary CD8 T cell response subsided (up to 70 days). 71 days after immunization, CD4 T cells and CD8 T cells were purified from the immunized female B6.PL mice and were adoptively transferred into CD40L-deficient hosts. To compare the efficiency in delivering help to memory CD8 T cells between memory and naïve CD4 T cells, naïve CD4 T cells purified from female B6.PL congenic mice were also included.
On day 7 post-immunization with male H60 congenic splenocytes, peripheral CD8 T cells from the immunized mice were stained with H60-tetramer to detect H60-specific CD8 memory T cells. By gating on Thy1.1 (of PL. origin), it was possible to distinguish memory CD8 T cells of PL origin from CD8 T cells of host origin. In the CD40L-deficient hosts that were adoptively transferred with CD40L +/+ memory Thy1. T cells were still potent enough to generate H60-specific CD8 T memory response in the CD40L-deficient hosts.
Discussion
In this study, we showed that CD40-CD40L inter- action was required for the delivery of CD4 T cell help necessary for induction of H60-specific CD8 T cell memory response as well as primary response.
CD40-CD40L-mediated direct interaction between CD4 and CD8 T cells has been raised as a new mechanism for CD4 help delivery to CD8 T cells (15) . However, the role for CD40 expression by CD8 T cells in receiving help from CD4 T cells was found to be insignificant in our study. Rather, our results demonstrated that CD40 expression by CD4 T cell could compensate the loss of immunity due to the lack of CD40 expression in the hosts, albeit at a minimal level. Since CD40 expression was detected in activated CD4 T cells by RT-PCR (15), it is possible that CD40 molecules expressed by CD4 T cells may play some role in CD8 T cell response, which has not yet been identified in normal condition but can be exaggerated when the cellular milieu is devoid of CD40 expression. This notion is supported by a report that function of CD40-deficient CD8 T cells and normal CD8 T cells were equivalent when they are primed in a CD40-sufficient environment (14) . Combined with our results, it is suggested that CD8 T cell responses are facilitated by CD40 signaling but CD40 expression is not required on CD8 T cells.
Although the expression of CD40L molecules in activated CD8 T cells has been reported (18, 19) , the presence of CD40L +/+ CD8 T cells in the CD40L-deficient hosts did not induce H60-specific CD8 T cell response. Only when CD40L +/+ CD4 T cells were present in the CD40L-deficient hosts, were primary and secondary CD8 T cell responses generated at significant levels. These results suggest CD8 T cells play only a passive role and that the two players, CD4 T cells and APCs are major contributors to the induction of CD8 T cell responses in the CD4-CD8-APC cluster.
Regarding the CD4 help requirement for memory CD8 T cell response, the widely held view is that once CD8 T cell are helped during the primary response, the CD4 help is not necessary for memory CD8 T cell responses (20) (21) (22) . Our result from this study is against this view, demonstrating that memory Thy1.1 + CD8 T cells themselves, even though they were helped once during primary response, did not show significant memory response to H60 in the absence of CD40L +/+ CD4 T cells in the CD40L-defi-cient hosts. In summary, we showed that CD40-CD40L interaction mediates CD4 T cell help for the generation of CD8 T cell response to H60 and expression of CD40L on CD4 T cells, not the expressions of CD40 or CD40L by CD8 T cells, is essential for both primary and memory H60-specific CD8 T cell responses. These results will provide basic information on the nature of CD8 T cell response to minor H antigen and may be of help in designing ways to control immune rejection or GVHD.
